The isolation and biochemical characterization of the extracellular form of a cellulose-binding factor (CBF) from Clostridium thermocellum is described. The CBF was isolated from the culture supernatant by a two-step procedure which included affinity chromatography on cellulose and gel filtration on Sepharose 4B. The isolated CBF was homogeneous as determined by immunoelectrophoresis, polyacrylamide gel electrophoresis, gel filtration, and analytical ultracentrifugation analysis. The CBF was found to form a complex which exhibited a molecular weight estimated at 2.1 million. Electron microscopic analysis of negatively stained preparations of the isolated CBF revealed a particulate, multisubunit entity of complicated quaternary structure. The molecule appeared to be about 18 nm in size. Although urea failed to break the complex into its component parts, polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate resolved the CBF complex into 14 polypeptide bands. Immunoprecipitation experiments confirmed that these polypeptides indeed formed part of the same complex. Interestingly, by using the whole-cell immunization procedure described in the accompanying article (Bayer et al., J. Bacteriol., 156:818-827, 1983) only one CBF subunit (Mr = 210,000) was found to be antigenically active. By using a gel-overlay assay technique, at least eight of the remaining CBFassociated polypeptide components were shown to exhibit cellulolytic activity. The results are consistent with the contention that the CBF comprises a discrete, multisubunit complex or group of closely related complexes which exhibit separate antigenic and multiple cellulase activities in addition to the property of cellulose binding. It appears that the CBF is not only responsible for the adherence of the cells to cellulose but also constitutes a major part of the cellulolytic apparatus of this organism.
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The potential of Clostridium thermocellum for industrial fermentation of cellulosic substrates has been recognized for many years. This thermophilic anaerobe is known to excrete large amounts of cellulolytic enzymes of particularly high specific activity (19) . Of note is the relatively high activity of this enzyme system on acrystalline cellulose (11) .
In the accompanying article (3), we have shown that the adherence of cells of C. thermocellum to their insoluble cellulosic substrate is apparently mediated by an antigenically active cellulose-binding factor (CBF) located on the cell surface and in the extracellular medium.
Cellulolytic activity in the form of a carboxymethylcellulase (CMCase) was found to be closely associated with the CBF. It was not clear, however, to what extent the antigenic, cellulolytic, and cellulose-binding activities were connected. It was therefore of interest to determine whether these activities reflect the same macromolecular entity or whether they derive from two (or more) separate subunits which are but part of a greater cellulase complex.
To approach this question, we proceeded to isolate the CBF based on the evidence obtained in the accompanying article (3) . Since both the cell-associated and extracellular forms of the factor appeared to be immunochemically similar, the CBF was isolated from the cell-free culture supernatants. The factor was isolated by a two-step procedure which included affinity chromatography directly on microcrystalline cellulose and further purification by gel filtration. Various biochemical and biophysical techniques were employed to investigate the molecular nature of the isolated CBF. The evidence supports the notion that the CBF is a defined, multisubunit complex and that the antigenic and multiple cellulolytic activities of the complex correspond to the action of separate subunits. Crossed immunoelectrophoresis. Crossed immunoelectrophoresis of the CBF subunits was performed on SDS gels by a modification of the "molding-in" procedure (5, 14) . SDS-PAGE was carried out on the isolated CBF (10 ,ug) as described above. The desired lane (a 7-mm-wide strip) was excised from the gel, washed with three changes of Tris buffer, and washed twice with barbital buffer (3). The gel was placed length-wise on a rectangular glass plate (76 by 51 mm, Chance Bros. Ltd.) 8 mm from the edge of the plate. The SDS gel was then embedded in a 3-mm-thick agarose gel (1% agarose in barbital buffer). The agarose gel was cut 5 mm from the edge of the SDS gel (20 mm from the edge of the plate) to allow space (31 mm) for the antibody-containing gel. The latter consisted of 70 ,ul of CBF-specific antibody preparation in S ml of barbital buffer containing 1% agarose. Electrophoresis was performed for 3 h at 200 V.
On-plate CMCase overlay. Several enzymes have previously been shown to be renaturable after SDS-PAGE (12) . The on-plate CMCase assay described in the accompanying article for rocket immunoelectrophoresis (3) was therefore modified for SDS-PAGE gels. To regenerate the denatured enzyme(s), the gel was rinsed gently but thoroughly with three changes of Tris buffer and twice with 0.1 M sodium acetate buffer (pH 5) (acetate buffer). The gel was then placed in a mold, and a 1.5-mm overlay (1% agarose and 1.4% carboxymethyl cellulose [CMC] in acetate buffer, incubated at 50°C) was poured onto the gel. Replicate gels were subjected to various periods of incubation (3 to 20 h) at 40°C, cooled to room temperature, and immersed in 2-propanol. After 20 min, the agarose overlay was carefully separated from the polyacrylamide gel, and the latter was stained as above with Coomassie brilliant blue. The agarose gel was developed further with 2-propanol until the zones of clearing stabilized (usually 2 to 3 h). Gels were then photographed but could also be stored in 2-propanol for long periods of time (weeks). Photography was performed by lateral illumination.
Immunoprecipitation. Samples (25 Rg) of the isolated CBF were treated with various amounts (ranging from 100 ,ug to 2 mg) of the CBF-specific antibodies and brought to 250 I.l (final volume) with Tris buffer.
After incubation overnight at 4°C, a portion (32 ,ug) in 50 ,ul of buffer of purified goat anti-rabbit immunoglobulin G (IgG) was added to enhance precipitation. After an additional 2-h incubation period, samples were centrifuged at 10,000 x g for 30 min. The CMCase activity of the supernatant fractions was determined as described previously (16) . The pellet was washed once with 1 ml of 1% Triton X-100 in 1 M NaCl and twice with the same detergent in Tris buffer. The resultant detergent-washed immunoprecipitate was dissolved in SDS-containing sample buffer (75 ,ul), and SDS-PAGE was performed on 15-,l samples as described above.
Electron microscopy. Samples of the isolated CBF were diluted to 50 ,ul/ml and brought to 5 ,ug/ml with bacitracin. The 
RESULTS
Isolation of the CBF. The steps designed for isolating the CBF from the extracellular medium are summarized in Table 1 . A 50-liter culture of C. thermocellum was grown on cellulose under conditions whereby the cellulose was completely hydrolyzed. The cells were separated from the culture medium by centrifugation. Specific adsorption of the cellulose-binding factor was achieved by interacting the cell-free supernatants with insoluble microcrystalline cellulose. A portion of the supernatant (fraction 1, Table  1 ), consisting of 23 liters, was brought to pH 7.7 with 1 N NaOH, and Whatman cellulose CC31 (276 g) was added in bulk. The suspension was stirred mechanically for 1 h at room temperature, and the cellulose was allowed to settle by gravity for a period of 2 h. The supernatant (fraction 2, Table 1 ) was removed and saved for subsequent studies. The cellulose was washed through a Buchner funnel with 3 liters of 20 mM Tris-hydrochloride buffer (pH 7.7) (Tris buffer). The cellulose-binding factor was eluted from the cellulosic matrix with 1.5 liters of a 1% solution of triethylamine (TEA), and the eluent was immediately neutralized with 10% acetic acid (TEA-eluent; fraction 3, Table 1 ). To concentrate the protein, acetone (2.5 liters) was added, and the precipitate was dissolved in 150 ml of Tris buffer (fraction 4, Table 1 ). A sample (7 ml, 24.1 mg of protein) was applied to a Sepharose 4B column. The major peak (Fig. 1) appeared shortly after the position of the void volume. Closely associated with this peak was the bulk of both the cellulolytic and antigenic activities applied to the column. The major peak fractions (42 ml) were pooled (fraction 5, Table 1 ) and brought to 60% acetone. The precipitate was redissolved in 5 ml of Tris buffer (fraction 6, Table 1 ) to a final protein concentration of 2.2 mg/ml. Unless otherwise stated, fraction 6 (Table 1) was used for additional characterization studies.
The isolation method described above did not result in extensive purification of the CBF with respect to either CMCase or antigenic activity. Under the described conditions, only partial recovery of the CBF could be obtained. Specific adsorption of the CBF to cellulose resulted in the removal from the supematant of 60 and 55% of the respective cellulolytic and antigenic activities.
Of the various elution conditions attempted, including 0.1 M acetic acid, 0.1 M NaOH, Triton X-100 (0.1 to 1%), SDS (0.1 to 1%), high salt (3 M KCI), and 8 M urea, the most effective method was found to be with a 1% solution of TEA. TEA-elution released 58, 23, and 30% of the respective amounts of total protein, CMCase, and antigenic activities originally bound to the cellulose. It is not clear at this point whether the loss in specific CMCase and antigenic activities results from nonspecific elution or adverse effects of the TEA treatment. In a subsequent experiment, purification of a small amount of material by gel filtration alone resulted in a CBF preparation exhibiting similar biochemical properties.
Homogeneity of the isolated CBF. Rocket immunoelectrophoresis of the CBF revealed a single precipitin peak in the intermediate gel (Fig.  2) . No extraneous peaks remained in the upper gel, indicating that the isolated CBF was antigenically pure vis-a-vis the CBF-specific antibody.
Sedimentation velocity studies (Fig. 3) Upon electrophoresis, the CBF failed to enter 5% polyacrylamide gels; the band remained at the boundary between the upper (3% polyacrylamide) and lower gels. A single broad protein band was obtained upon electrophoresis of the CBF in agarose gel. Gel filtration on a Sephacryl S-300 column yielded a single protein peak at the void volume. Interestingly, chromatography of the CBF in the presence of 8 M urea failed to alter the position of this peak. Gel filtration of the CBF on columns of Sepharose 4B and Sepharose 2B yielded single symmetrical protein peaks with selectivity coefficients (Kav) of 0.23 and 0.52, respectively, corresponding to an apparent molecular weight of about 2 million.
Negatively stained preparations of the isolated CBF (Fig. 4) Fig. 5 . The apparent molecular weights (Mr) ranged from 48,000 to 210,000. Quantitatively, the five major subunits (as estimated by integration of densitometric tracings of gels stained with Coomassie brilliant blue R250) were S8, S1, S3, S2, and S5, corresponding to respective Mr values of 75,000, 210,000, 150,000, 170,000, and 98,000.
To determine the extent of antigenicity of the various subunits, the isolated CBF was subjected to SDS-PAGE, followed by crossed immunoelectrophoresis of the separated subunits (Fig.  6) 4 . General view of a field of a negatively stained preparation of the isolated CBF and characteristic particle images (inserts at bottom). Structures are particulate in nature and appear to be composed of several smaller subunits. In some instances, higher-order aggregates can be observed. A variety of different particle forms are visible. Higher magnification of some characteristic particle images are shown in the inserts at the bottom of the figure. General view, x210,000: inserts, x400,O00. (Fig. 5) . As the amount of minology regard-added antibody increased, the relative proporind the molecular tions of the immunoprecipitated components did ds are designated not appear to differ significantly. Only the S6 molecular weight component appeared to be missing. Components on the left. S12 through S14 were masked on the gels by the appearance of the precipitated IgG (heavy ring conditions chain), and hence, these particular experiments ig the resultant could neither confirm nor deny their involvethe position of ment in the CBF. ' Fig. 7) , it was The contention that the CMCase activity is tnd S8 (Mr = associated with the complex is further supported ly) exhibit the by the finding that after immunoprecipitation, lolytic activity. little cellulolytic activity was found in the super-8, S13, and S14, natant fluids. CBF complex in other strains. Comparative gel filtration analyses of the supernatants of cellulose-grown cells of C. thermocellum LQRI and Jl were strikingly similar to that shown for strain YS in Fig. 1 . In each case, the predominant fraction (>70%) of the CMCase activity was eluted at a position equivalent to that of highmolecular-weight (>1 million) proteins. Interestingly, immunochemical analysis and SDS-PAGE revealed the presence of the CBF antigenic peak, as well as the spectrum of CBF-related polypeptides (and in particular, the 210,000-molecular-weight subunit) in all three strains tested. The presence of the CBF peak in sonic extracts of the three strains was reported in the accompanying paper (3).
DISCUSSION
The arrangement of specific enzymes as part of multienzyme complexes has been demonstrated previously in many systems. For example, enzymes involved in the phosphorolysis of glycogen were isolated from rabbit muscle as a specific structural entity in the form of a proteinglycogen complex (15) . Regulatory conditions on phosphorylase, phosphorylase kinase, and phosphorylase phosphatase contained in the complex were found to simulate those of the in vivo system, whereas the disrupted complex or the purified enzymes exhibited altered regulatory states (9, 10) . A second example of multienzyme complexes involves the physical association of different aminoacyl-tRNA synthetases within the same macromolecular entity (17) .
The degradation of cellulose by various microorganisms is accomplished by the concerted action of a group of enzymes collectively termed cellulases. It has been previously suggested that the cellulase system of C. thermocellum may also comprise an aggregate or complex (2, 21) . Most studies of this particular enzyme system have concentrated on activity analyses of crude enzyme preparations (6, 11, 18, 22) or have been devoted to the isolation of purified monomeric cellulolytic forms (20, 21) . In the present study, we isolated a multiprotein complex which was associated with cellulolytic activity as well as the adherence of the bacterium to the insoluble substrate. tively uniform size. The purified product was not merely an artifact of the isolation procedure; since (i) gel filtration alone (without the affinity chromatography step) yielded a similar polypeptide pattern in the pooled high-molecular-weight fractions, and (ii) purification of the cell surface CBF (from cell sonic extracts by the procedure described above) resulted in a polypeptide profile similar to that of the extracellular CBF (unpublished data). The rigorous co-isolation of the polypeptide components In theory, anaerobic bacteria would be expected to exhibit greater hydrolytic efficiency at this early premetabolic step, because the total energy yield of subsequent catabolic pathways is much lower than that of aerobes. The tendency of anaerobic cellulolytic bacteria to form highmolecular-weight, multisubunit cellulases may be a more general feature of these organisms. For example, Yu and Hungate (24) found multiple high-molecular-weight forms of cellulases in Ruminococcus albus. In addition, Gawthorne (7) has reported that most rumen cellulase activity is associated with high-molecular-weight (perhaps membrane-bound) material. In the gramnegative bacterium, Bacteriodes succinogenes, most of the extracellular CMCase activity appeared to be associated with sedimentable membranous fragments (8) . The exact mechanistic nature of the association between multiple cellulase subunits may therefore differ from species to species.
Our current perception of the CBF in C. thermocellum can thus be viewed as a large, discrete, multisubunit complex(es) which exhibits both antigenic and cellulolytic activities. It is clear that the antigenic and cellulolytic activities reside in separate components on the complex. The complex apparently comprises various different forms of cellulases, each of which may bear separate specificities toward different quaternary structures on the complex cellulose substrate. The major organizational role of this complex might be designed for effective delivery to the substrate as well as to bring into proximity the various complementary enzymes (e.g., exoand endocellulases). In addition, the complex may be structured in such a way as to enable the protection of various product intermediates and to facilitate their transfer to other cellulase components for further hydrolysis. In any event, the cellulase subunits seem to be arranged within the CBF complex in a defined supramolecular fashion designed for highly efficient cellulose degradation.
It is as yet unknown whether the cellulosebinding activity, which results in the specific binding of the entire bacterial cell (3) 
